In three alternative splice variants of Homer 1 transcripts, Homer 1a mRNA has been shown to be upregulated selectively and rapidly by neural stimulation and represents a member of the immediate early gene (IEG) family. We investigated the mechanism underlying Homer 1a mRNA induction in cerebellar granule cell culture. All Homer 1 variants were expressed in cultured granule cells as analyzed by RNA blotting and immunochemical characterization. Glutamate stimulation of granule cells selectively upregulated Homer 1a mRNA via NMDA receptor-mediated influx of extracellular calcium. The induction of Homer 1a mRNA was much slower (peaked at 4 hr) and sustained longer than that of the typical IEG c-fos mRNA. Actinomycin D and cycloheximide experiments have revealed that, despite the presence of the mRNA-destabilizing AU-rich motif, transcriptional activation is a main determinant for selective Homer 1a mRNA induction. Inhibitor analysis as well as immunochemical characterization has indicated that the MEK (MAPK/ERK kinase)-ERK (extracellular signal-regulated kinase) cascade plays an indispensable role in glutamate-stimulated induction of Homer 1a mRNA. Consistent with this observation, brain-derived neurotrophic factor, which is known to activate the ERK cascade, similarly upregulated Homer 1a mRNA. These results demonstrate that MAPK (mitogen-activated protein kinase) is a key mediator that links distinct extracellular stimuli to the transcriptional activation of Homer 1a mRNA.
In three alternative splice variants of Homer 1 transcripts, Homer 1a mRNA has been shown to be upregulated selectively and rapidly by neural stimulation and represents a member of the immediate early gene (IEG) family. We investigated the mechanism underlying Homer 1a mRNA induction in cerebellar granule cell culture. All Homer 1 variants were expressed in cultured granule cells as analyzed by RNA blotting and immunochemical characterization. Glutamate stimulation of granule cells selectively upregulated Homer 1a mRNA via NMDA receptor-mediated influx of extracellular calcium. The induction of Homer 1a mRNA was much slower (peaked at 4 hr) and sustained longer than that of the typical IEG c-fos mRNA. Actinomycin D and cycloheximide experiments have revealed that, despite the presence of the mRNA-destabilizing AU-rich motif, transcriptional activation is a main determinant for selective Homer 1a mRNA induction. Inhibitor analysis as well as immunochemical characterization has indicated that the MEK (MAPK/ERK kinase)-ERK (extracellular signal-regulated kinase) cascade plays an indispensable role in glutamate-stimulated induction of Homer 1a mRNA. Consistent with this observation, brain-derived neurotrophic factor, which is known to activate the ERK cascade, similarly upregulated Homer 1a mRNA. These results demonstrate that MAPK (mitogen-activated protein kinase) is a key mediator that links distinct extracellular stimuli to the transcriptional activation of Homer 1a mRNA.
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Homer 1 (also termed vesl ) is an immediate early gene (IEG) that originally was isolated as a neural activity-regulated gene product from seizure-stimulated rat hippocampus (Brakeman et al., 1997; Kato et al., 1997) . The Homer family consists of three distinct genes, namely Homer 1, 2, and 3. They share a conserved N-terminal Ena/VASP homology 1 (EVH1) domain that binds to group I metabotropic glutamate receptors (mGluRs), inositol triphosphate receptors, and Shank family proteins Xiao et al., 1998) . Homer 1 and Homer 2 comprise three and two splice variants, named Homer 1a, 1b, and 1c, and Homer 2a and 2b, respectively . All but Homer 1a are expressed constitutively and possess a C-terminal coiled coil (CC) domain that serves to form a multimeric Homer complex and facilitates the assembly of signaling complexes. In contrast, Homer 1a lacks the C-terminal CC domain and is upregulated dynamically by various synaptic activities associated with neural plasticity, seizure, visual stimuli, and cocaine administration (Brakeman et al., 1997; Kato et al., 1997; Park et al., 1997) . Induction of Homer 1a by neural stimulation therefore is believed to compete with the constitutive CC-Homers and thus to disassemble the association of multiple CC-Homer complexes.
Recent studies have shown a role of Homer complexes in receptor surface expression (Ciruela et al., 1999 (Ciruela et al., , 2000 Roche et al., 1999) , receptor clustering (Tadokoro et al., 1999) , and mGluR coupling to ion channels Kammermeier et al., 2000) . However, little is known about how neural activity selectively upregulates Homer 1a expression. The 3Ј-untranslated region (3Ј-UTR) of Homer 1a mRNA, but not Homer 1b/c mRNA, possesses a characteristic repeat of the AU-rich motif , which is implicated in the destabilization of short-lived mRNAs (for review, see Chen and Shyu, 1995) . Because Homer 1a and Homer 1b/c represent products of the same gene, the dynamic expression of Homer 1a has been suggested to be regulated by turnover of the Homer 1 transcripts, splicing, or transcript termination . However, the mechanism underlying activity-dependent Homer 1a mRNA induction remained to be determined. This study has focused on the regulatory mechanism of Homer 1a mRNA induction. To gain insights into the mechanism of Homer 1a mRNA expression, we used in vitro culture of cerebellar granule cells with a high uniformity and abundance of specific neuronal cells. This study has indicated that the activation of NMDA receptors and brain-derived neurotrophic factor (BDNF) selectively upregulated Homer 1a mRNA in cultured granule cells. We also report that the downstream signals of these extracellular stimuli converge into activation of the mitogen-activated protein kinase (MAPK) and lead to transcriptional induction of Homer 1a mRNA.
MATERIALS AND METHODS
Culture of cerebellar granule cells. Primary cultures of cerebellar granule cells were prepared from 8-d-old (P8) ICR mice (Japan SLC, Hamamatsu, Japan) according to the procedures described by Fischer (1982) with minor modifications. Briefly, cerebella from P8 mice were treated with 0.1% trypsin and 0.05% DNase I in C a 2ϩ /Mg 2ϩ -free HBSS at 37°C for 15 min and tritiated by pipetting in DNase I containing Ca 2ϩ -free HBSS. Dissociated cells were suspended in growth medium composed of basal medium Eagle (Sigma, St. L ouis, MO) supplemented with 5% horse serum, 100 U/ml penicillin, and 0.1 mg /ml streptomycin (all from Life Technologies, Rockville, MD), 1 mg /ml bovine serum albumin (BSA), 10 g /ml insulin, 0.1 nM L-thyroxine, 0.1 mg /ml transferrin, 1 g /ml aprotinin, 30 nM selenium, 0.25% glucose, and 2 mg /ml sodium bicarbonate (all from Sigma). C ells were plated at a density of 2 ϫ 10 5 cells/cm 2 onto poly-D-lysine-coated 100 mm culture dishes (Becton Dickinson, Franklin Lakes, NJ). On the following day the cultures were switched to serum-free growth medium. Immunocytological characterization with an antibody against ␤-tubulin type III showed that the cultures contained ϳ90% neuronal cells. In some experiments the cells were cultured in the medium containing 25 mM KC l with or without 5% fetal calf serum and 5% horse serum and were subjected to glutamate stimulation as described below.
Cell stimulation. At 5 d after plating the cultured cells were washed and preincubated at 37°C for 20 min in Mg 2ϩ -free L ocke's solution consisting of (in mM) 154 NaC l, 5.6 KC l, 3.6 NaHC O 3 , 1.3 CaCl 2 , 5.6 glucose, and 5 H EPES, pH 7.3, plus 1 M tetrodotoxin and 10 M glycine. Cultures were maintained at 37°C in the humidified atmosphere of 5% C O 2 . C ells were stimulated by the addition of glutamate (final concentration, 10 M) or BDN F (final concentration, 100 ng /ml; Life Technologies) to the preincubation solution; BDN F was dissolved in the preincubation medium containing 0.1% BSA. At the end of glutamate or BDN F stimulation the cells were washed with PBS and subjected to RNA extraction by the guanidine isothiocyanate method (TRIzol Reagent; Life Technologies). C ycloheximide, actinomycin D, and kinase/phosphatase inhibitors were added for 30 min before glutamate stimulation, and other antagonists were added for 20 min. Drugs were purchased from the following sources: D-2-amino-5-phosphonovalerate (AP5), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), MK-801, and AMPA from Tocris (Bristol, UK); tetrodotoxin from Sankyo (Tokyo, Japan); nifedipine from Nacalai Tesque (Kyoto, Japan); cycloheximide from Wako (Osaka, Japan); NMDA and actinomycin D from Sigma; KN-62 from Seikagaku (Tokyo, Japan); PD98059, U0126, SB203580, FK506, and bisindolylmaleimide I from Calbiochem (San Diego, CA).
R NA blotting. Total RNA (10 g) was electrophoresed on a formalincontaining 0.8% agarose gel and blotted onto a nylon membrane. [
32 P]-labeled DNA probes were synthesized by using a random priming method. Hybridization was performed in QuikHyb hybridization solution (Stratagene, La Jolla, CA) at 68°C for at least 2 hr. The membrane was washed twice with 0.1ϫ SSC (15 mM NaC l plus 1.5 mM sodium citrate) and 0.1% SDS at 60°C for 30 min and then exposed to a BAS 5000 Imaging Plate (Fuji, Tokyo, Japan). Radioactivities were quantified with a BAS 5000 Bioimaging Analyzer (Fuji). Amounts of loaded RNA were determined by ethidium bromide staining of 18S ribosomal RNA. Linearity of hybridization signals was verified with a standard RNA sample. Probes used for RNA blotting were as follows: Homer 1a, nucleotide residues 1342-2139 (GenBank accession number AF093257); Homer 1b/c, residues 785-1396 (GenBank accession number AF093258); pan-Homer 1, residues 592-1055 (GenBank accession number U92079); c-fos, residues 1609 -2693 (GenBank accession number V00727) from which an intron sequence of residues 1850 -2254 was deleted. All of these cDNA fragments were synthesized by RT-PCR and subcloned into pBluescript II (Stratagene). Human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) probe was purchased from C lontech (Palo Alto, CA).
Reverse transcription-PCR . RT-PCR of granule cell RNA was performed as described previously (Minoshima and Nakanishi, 1999) . The 5Ј and 3Ј primers used were as follows: for Homer 1a, 5Ј-primer, 5Ј-CAATTCAGCAATCATGATTA-3Ј (residues 1342-1361); 3Ј-primer, 5Ј-ATCCTATGCCCCTATTAATG-3Ј (residues 2120 -2139); for Homer 1b and 1c, 5Ј-primer, 5Ј-AAGTCGCAGGAGAAGATGGA-3Ј (residues 498 -517); 3Ј-primer, 5Ј-CTCAGTGACCCGCTTGTGCA-3Ј (residues 826 -845). Amplification was conducted with 35 cycles of 95, 59, and 72°C for 1 min each, followed by further incubation at 72°C for 8 min. The amplified products were electrophoresed on a 2.0% agarose gel containing 0.5 g/ml ethidium bromide. A single DNA fragment with an approximate size of 800 bp (Homer 1a) and doublet DNA fragments with approximate sizes of 350 bp (Homer 1b) and 380 bp (Homer 1c) were identified, extracted, and sequenced with ABI PRISM 310 Genetic Analyzer (PerkinElmer, Foster City, CA).
Immunoc ytochemistr y. C ells were fixed with 10% formalin in PBS for 15 min and incubated with primary antibodies for 1 hr at room temperature, followed by incubation with appropriate secondary antibodies. For counterstaining of cell nuclei, DAPI (10 g /ml; Sigma) was included in the secondary antibody solution. All antibodies were diluted with 2% normal goat serum, 0.1% Triton X-100, and 0.02% sodium azide in PBS. The primary antibodies that were used were obtained from the following sources and diluted as indicated in parentheses: rabbit anti-pan-Homer 1 antibody (1:2000), a gift from Dr. P. F. Worley (Johns Hopkins University, Baltimore, MD); rabbit and mouse anti-␤-tubulin type III antibodies from Babco (1:600 and 1:300, respectively; Richmond, CA); mouse anti-glial fibrillary acidic protein (GFAP) antibody from Sigma (1:300); and mouse anti-phospho-ERK 1/2 antibody from New England Biolabs (1:400; Beverly, M A). The secondary antibodies that were used were fluorescein isothiocyanate (FI TC)-conjugated anti-rabbit IgG antibody (1:1000; C appel, Durham, NC) and Texas Red X-conjugated anti-mouse IgG antibody (1:1000; Molecular Probes, Eugene, OR). Fluorescent images were acquired via a C arl Z eiss Axiophot epifluorescence microscope equipped with a 63ϫ Plan-APOCHROM AT objective (numerical aperture 1.40) and a cooled CCD camera (Roper, Trenton, NJ). Images for presentation were prepared with I PLab software (Scanalytics, Fairfax, VA).
Western blotting. Total cell lysates were prepared from cultures by boiling in SDS-PAGE sample buffer. An aliquot of the lysate was separated by SDS-PAGE and blotted onto a poly vinylidene difluoride membrane. The Homer 1 proteins were immunoblotted with rabbit anti-panHomer 1 antibody (1:2000). ERK 1/2 and phospho-ERK 1/2 were immunoblotted with rabbit anti-ERK 1/2 antibody and rabbit antiphospho-ERK 1/2 antibody (1:1000; New England Biolabs), respectively. The immunoblots were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody and developed with ECL reagents (Amersham, Buckinghamshire, UK). The band intensity was quantified with GS-710 C alibrated Imaging Densitometer (Bio-Rad, Hercules, CA).
Cell survival assay. C ell viability was measured by using LIVE/DEAD Viability/C ytotoxicity K it (Molecular Probes). Briefly, cells were stained with 2 M calcein-AM and 4 M ethidium homodimer-1 (EthD-1) in PBS for 30 min at room temperature. C alcein-AM-stained cells were judged as live cells and cells stained with EthD-1 as dead cells. C ell viability was calculated at randomly chosen fields, and ϳ1000 cells were counted in each culture.
Statistical anal ysis. Data were analyzed statistically by Student's t test.
RESULTS

Homer 1 expression in cultured cerebellar granule cells
Expression of Homer 1 mRNA in cultured cerebellar granule cells was examined first to test for their feasibility in studying the regulation of Homer 1a expression. Granule cells were prepared from 8-d-old mice and maintained in culture with a serum-free growth medium. Total RNA was extracted from the culture at 5 d in vitro, and expression of Homer 1 mRNA was examined by RNA blotting. Hybridization with a Homer 1a-specific probe gave rise to a major band with an estimated size of ϳ6.8 kb (Fig. 1 A) . This size corresponded to that reported previously for Homer 1a mRNA . Levels of Homer 1a mRNA in cultured granule cells were comparable with those in postnatal and adult cerebella ( Fig. 1 A) . A Homer 1b/c-specific probe yielded two bands with estimated sizes of ϳ5.3 and 4.1 kb from both cultured cells and brain tissues (Fig. 1 B) . A probe covering a common sequence of the Homer 1 splice variants provided all three bands with sizes of 6.8, 5.3, and 4.1 kb (see Fig. 2 A) . The results indicate that all splice variants of Homer 1 mRNA are expressed in cultured cerebellar granule cells. We used the panHomer 1 probe for the subsequent experiments.
To verify the expression of Homer 1 protein in granule cells, we subjected cell lysates to Western blotting with an anti-panHomer 1 antibody. The antibody gave rise to a 28/29 kDa doublet of Homer 1a and a 45 kDa band of Homer 1b/c ( Fig. 1C ; Brakeman et al., 1997; Xiao et al., 1998) . Immunostaining of cultured cerebellar cells with anti-pan-Homer 1 antibody showed that Homer 1 immunoreactivity is localized in granule cells that are immunostained with the antibody against neuronal marker ␤-tubulin type III (Fig. 1 D) , but not in astrocytes labeled by the glial marker anti-GFAP antibody (data not shown). A punctate pattern of pan-Homer 1 immunoreactivity was seen on soma and along neurites of granule cells (Fig. 1 D) . The results indicate that both inducible and noninducible Homer 1 mRNAs are expressed and translated into the corresponding isoforms in cultured granule cells.
During preparation of this manuscript Ango et al. (2000) have reported that none of the Homer 1 variant proteins is expressed in cultured mouse cerebellar granule cells under the nonstimulatory condition. We further examined the expression of Homer 1 mRNA in cultured granule cells. We sought to synthesize cDNA fragments of individual Homer 1 mRNAs from nonstimulatory granule cells, using RT-PCR techniques with appropriate primers (see Materials and Methods). The sequence determination of resultant cDNA products revealed appreciable amounts of expression of all three variant Homer 1 mRNAs under the nonstimulatory condition. In our experiments the granule cells were cultured in the serum-free medium with a low concentration of KCl (5.4 mM), thus avoiding an unnecessary depolarization of granule cells (Bessho et al., 1994) . In contrast, Ango et al. (2000) used the serum-containing medium with a high concentration of KCl (25 mM). Therefore, we cultured granule cells with high KCl and found that all three Homer 1 variant mRNAs were expressed in the medium containing 25 mM KCl also, regardless of the presence and absence of 5% horse serum and 5% fetal calf serum (data not shown). The different observations between the two investigations remain to be clarified but may result from the different sensitivity in detecting Homer 1 immunoreactivity or the difference in mouse strains that were used, or otherwise different culture conditions not yet identified.
Homer 1a mRNA is upregulated preferentially by glutamate
To address whether Homer 1a mRNA expression is regulated in an activity-dependent manner, we stimulated cells with glutamate (10 M) and determined mRNA levels of Homer 1 splice variants by RNA blotting (Fig. 2 A,B) . Homer 1a mRNA was induced as early as 1 hr after glutamate stimulation. This induction peaked at 4 hr and was sustained up to 8 hr after stimulation. In contrast, changes of Homer 1b/c mRNA levels were minimal; Homer 1b/c mRNAs exhibited a fairly small increase at 1 hr after glutamate stimulation, returned to the basal level at 2 hr, and slightly decreased below the basal level at 8 hr. The observed temporal pattern of Homer 1a mRNA induction seemed to be relatively slow as compared with those of other IEGs (Szekely et al., 1989) . As an example, c-fos mRNA rapidly and transiently increased after glutamate stimulation, peaked within 1 hr, and fell back to basal levels at 2 hr ( Fig. 2 A,C) . In control, levels of the housekeeping GAPDH mRNA were found not to be altered after glutamate stimulation (data not shown). The results demonstrate that Homer 1a mRNA is upregulated preferentially with a temporal profile distinct from a typical IEG mRNA in cultured granule cells after glutamate stimulation.
The culture of granule cells at high KCl (25 mM) is known to promote their survival (Bessho et al., 1994) . Under our experimental condition with low KCl, cell viability was unchanged during glutamate stimulation; percentages of viable cells/total cells were calculated to be 87 Ϯ 1.6, 88 Ϯ 1.0, and 84 Ϯ 2.9% at 0, 4, and 8 hr after the addition of glutamate, respectively (mean Ϯ SEM; n ϭ 4). Furthermore, similar extents of glutamatestimulated Homer 1a mRNA induction were observed under culture conditions with high KCl (25 mM).
Western blot analysis showed that treatment of granule cells with glutamate for 8 hr increased Homer 1a, but not Homer 1b/c (Fig. 2 D) . Similarly, Ango et al. (2000) have reported recently that the addition of NMDA and kainate increased the levels of Homer 1a protein in granule cells cultured in the medium containing high KCl together with horse and fetal calf sera. These results indicate that glutamate stimulation selectively upregulates Homer 1a mRNA and its translation product in cultured granule cells. In this and subsequent experiments, Homer 1b/c mRNAs of 5.3 and 4.1 kb showed a common profile not only in expression patterns but also in responsiveness to various activators and inhibitors that were tested. The data of Homer 1b/c mRNA of 5.3 kb are presented in the subsequent analysis. 
Role of NMDA receptors and calcium influx in Homer 1a mRNA induction
A number of studies have revealed that calcium influx plays a crucial role in activity-regulated gene expression in neuronal cells (for review, see Ghosh and Greenberg, 1995; Bito et al., 1997) . To address whether Homer 1a mRNA upregulation is controlled by calcium influx, we stimulated cultured cells by glutamate in an EGTA-containing medium for 4 hr. Chelation of extracellular calcium by EGTA abrogated Homer 1a mRNA induction by glutamate (Fig. 3A,B) , indicating that an influx of extracellular calcium into neuronal cells is necessary for Homer 1a mRNA induction.
To define subtypes of glutamate receptors and a route of calcium entry responsible for Homer 1a mRNA induction, we treated the cells with several antagonists selective to calciumpermeating receptors and ion channels. Homer 1a mRNA induction was blocked completely by two different types of NMDA receptor antagonists, AP5 and MK-801 (Fig. 3C,D) . In contrast, a non-NMDA receptor antagonist, CNQX, and an L-type calcium channel blocker, nifedipine, showed only a partial or no inhibitory effect on Homer 1a mRNA induction, respectively (Fig. 3C,D) . Consistent with this observation, the addition of NMDA (30 M) upregulated Homer 1a mRNA (Fig. 3E,F ) . In contrast, AMPA (30 M) neither induced Homer 1a mRNA significantly nor enhanced NMDA-stimulated Homer 1a mRNA upregulation (Fig. 3E,F ). These results demonstrate that NMDA receptormediated calcium influx specifically upregulates Homer 1a mRNA in cultured granule cells. 
Transcriptional regulation of Homer 1a mRNA induction
Gene expression generally is controlled by either transcriptional activation or stabilization of mRNA, or both. As shown in Figure  4 , A and B, the addition of the RNA polymerase inhibitor actinomycin D (10 g/ml) prevented glutamate-stimulated Homer 1a mRNA induction, suggesting that transcriptional activation is required for glutamate-evoked Homer 1a mRNA upregulation. The 3Ј-UTR of Homer 1a mRNA, but not Homer 1b/c mRNA, contains a repeat of the AU-rich motif . This motif has been implicated in the destabilization of short-lived mRNAs (for review, see Chen and Shyu, 1995) . To address whether Homer 1a mRNA is either short-lived or stable, we examined the turnover of Homer 1a mRNA by actinomycin D chase experiments. Granule cells were treated with actinomycin D (10 g/ml) in the presence and absence of glutamate, and temporal changes in levels of splice variant Homer 1 mRNAs as well as c-fos mRNA were determined by RNA blotting analysis (Fig. 4C-F ) . Homer 1a mRNA was relatively stable, becoming ϳ80% of control levels at 2 hr after actinomycin D treatment, regardless of the presence and absence of glutamate ( Fig. 4C-E) . This stability of Homer 1a mRNA was comparable with that of Homer 1b/c mRNAs ( Fig. 4C-F ) and in marked contrast to a rapid degradation of c-fos mRNA (Fig. 4C,D) .
In many cases mRNAs that possess an AU-rich repeating motif and exhibit rapid turnover are superinduced by an inhibitor that blocks ongoing translation that is required for rapid mRNA degradation (for review, see Chen and Shyu, 1995) . To address whether ongoing protein synthesis also is involved in the regulation of Homer 1 mRNA expression, we examined the effects of the translation inhibitor cycloheximide (30 g/ml) on Homer 1a mRNA levels in granule cells. At this concentration, cycloheximide was found to inhibit Ͼ95% of protein synthesis as measured by [
3 H]-leucine incorporation into protein (data not shown). Cycloheximide alone slightly increased Homer 1a mRNA levels (Fig. 5A,B) . However, this effect was not specific to Homer 1a mRNA, and a comparable increase of Homer 1b/c mRNAs was observed by cycloheximide treatment (Fig. 5A,B) . In contrast, a notable increase of c-fos mRNA levels was observed by the addition of cycloheximide (Fig. 5A,B) .
Homer 1a mRNA was induced more slowly and sustained longer than that of c-fos mRNA (see Fig. 2 B,C) . This finding raised the possibility that Homer 1a mRNA may require the previous induction of certain IEGs. However, cycloheximide treatment during glutamate stimulation had no inhibitory effect on the upregulation of Homer 1a mRNA (Fig. 5C,D) . Rather, cycloheximide increased Homer 1a mRNA levels (Fig. 5C,D) , probably reflecting a common effect of cycloheximide on the expression of Homer 1 splice variants (Fig. 5A,B) . The result shows that the induction of Homer 1a mRNA by glutamate is regulated by preexisting transcriptional machinery. Collectively, the results of both actinomycin D and cycloheximide indicate that glutamate preferentially activates the transcription of Homer 1a mRNA in cultured granule cells.
Extracellular signal-regulated kinase (ERK) signaling in Homer 1a mRNA induction
An elevation of intracellular calcium is known to activate protein kinase/phosphatase signaling cascades and lead to the activation of gene transcription in neuronal cells. These calcium-dependent signaling cascades include the activation of calmodulindependent protein kinases (CaMK), ERK (a member of the MAPK superfamily), protein kinase C (PKC), and the calcineurin phosphatase (Bading et al., 1993; Bito et al., 1996; Xia et al., 1996; Graef et al., 1999) . We addressed whether any of these calcium-dependent signaling cascades are involved in the glutamate-stimulated Homer 1a mRNA induction. Cultured granule cells were treated with various kinase/phosphatase inhibitors together with glutamate for 4 hr, and the effects of these inhibitors on Homer 1a mRNA induction were examined. Inhibition of the MEK (MAPK/ERK kinase)-ERK cascade by the MEK inhibitors PD98059 (30 M) and U0126 (5 M) both completely abrogated Homer 1a mRNA induction by glutamate (Fig.  6) , indicating that the MEK-ERK pathway is involved in Homer 1a mRNA induction. The inhibitory effect on Homer 1a mRNA induction seemed to be ERK-specific, because such potent inhibition was not observed by the addition of SB203580 (5 M), which is a specific inhibitor for another member of the MAPK superfamily, p38. Also, Homer 1a mRNA induction was not inhibited significantly by treatments with either the CaMKselective inhibitor KN-62 (10 M), the calcineurin inhibitor FK506 (1 M), or the PKC inhibitor bisindolylmaleimide I (1 M).
To examine further the importance of the ERK cascade for NMDA receptor-mediated Homer 1a mRNA induction, we monitored the enhancement of ERK phosphorylation by immunostaining with the anti-phospho-ERK 1/2 antibody that specifically recognizes the activated form of ERK 1/2. Glutamate stimulation rapidly increased an immunoreactivity of phospho-ERK 1/2 in almost all ␤-tubulin type III-immunopositive granule cells (Fig.  7A) . This enhancement of ERK 1/2 phosphorylation was blocked by the MEK inhibitor PD98059 (Fig. 7A) . The time course of ERK 1/2 phosphorylation, as analyzed by immunoblotting, showed that the glutamate-stimulated ERK 1/2 phosphorylation was rapid, peaking by 5 min after the addition of glutamate and sustained at levels higher than the basal level up to at least 30 min (Fig. 7B,C) . In control, no increase in the level of ERK 1/2 protein was observed during this time course (Fig. 7B ). In addition, immunoblotting showed that ERK 1/2 phosphorylation was enhanced by treatment of the granule cells with NMDA (30 M) for 5 min (Fig. 7D) . Furthermore, glutamate-stimulated ERK 1/2 phosphorylation was blocked by either depletion of extracellular calcium with EGTA (2 mM) or addition of the NMDA receptor antagonist MK-801 (10 M) (Fig. 7D) . The results support the view that ERK activation is a key event linking calcium influx via NMDA receptors to transcriptional activation of Homer 1a mRNA.
BDNF-stimulated Homer 1a mRNA induction via a convergent ERK signaling
It has been shown that BDNF stimulates TrkB receptors and activates the ERK cascade in cerebellar granule cells (Zirrgiebel et al., 1995; Bonni et al., 1999) . Both immunostaining and immunoblotting showed that ERK 1/2 phosphorylation was enhanced by the treatment of cultured granule cells with 100 ng/ml BDNF for 5 min (Fig. 8 A) . We addressed whether BDNF has a similar ability to upregulate Homer 1a mRNA in cultured granule cells. Granule cells were treated with 100 ng/ml BDNF for 4 hr, and the effects of BDNF on Homer 1a mRNA induction were examined. BDNF treatment significantly and selectively upregulated Homer 1a mRNA (Fig. 8 B,C) . Homer 1a mRNA induction by BDNF was insensitive to the NMDA receptor antagonist, indicating that BDNF acts independently from the activation of NMDA receptors. A combined addition of glutamate and BDNF further enhanced Homer 1a mRNA levels. Because a high concentration of glutamate (100 M) killed cultured granule cells, the maximum capability of glutamate to induce Homer 1a mRNA remains to be determined. Importantly, the MEK inhibitor blocked Homer 1a mRNA induction by both BDNF treatment alone and a combined A, Cells were treated with or without 100 ng/ml BDNF for 5 min, and cell lysates were immunoblotted with anti-phospho-ERK 1/2 and anti-ERK 1/2 antibodies. B, C, Cultured cells were preincubated for 30 min with 30 M PD98059 (PD), 5 M U0126 ( U), 100 M AP5, or vehicle and further incubated for 4 hr by the addition of 100 ng/ml BDNF, 10 M glutamate, or both BDNF and glutamate as indicated. Levels of Homer 1a mRNA were quantified by RNA blotting. BDNF significantly upregulated Homer 1a mRNA, and this induction was blocked by PD98059, but not by AP5. Costimulation with BDNF (100 ng/ml) and glutamate (10 M) enhanced Homer 1a mRNA induction, and this induction was blocked by U0126 (n ϭ 3-5; **p Ͻ 0.01; unstimulated vs BDNF, BDNF vs BDNFϩPD, or GluϩBDNF vs GluϩBDNFϩU ). addition of BDNF and glutamate (Fig. 8 B,C) . The results demonstrate that the ERK activation is indispensable for the upregulation of Homer 1a mRNA induced by the two distinct extracellular stimuli.
DISCUSSION
This study concerns the mechanism that underlies Homer 1a mRNA induction in granule cell culture in vitro. The results indicate that glutamate triggers a rapid and specific upregulation of Homer 1a mRNA in the members of Homer 1 splice variants. This selective induction is mediated by NMDA receptors and is dependent on extracellular calcium influx via the activation of NMDA receptor channels. The selective and rapid induction of Homer 1a mRNA in cultured granule cells is consistent with a dynamic upregulation of this mRNA in seizure-stimulated hippocampus (Brakeman et al., 1997; Kato et al., 1997; Xiao et al., 1998) . However, induction levels of Homer 1a mRNA in cultured cells are much lower than those of seizure-induced Homer 1a mRNA in vivo . Seizure may trigger complex neuronal responses and could transduce multiple signaling to activate the Homer 1 transcription maximally in vivo. Inhibitor analysis of calcium-relevant kinases/phosphatases has indicated that the MEK-ERK cascade plays a pivotal role in NMDA receptor-mediated induction of Homer 1a mRNA. Consistent with this observation, BDNF similarly induces Homer 1a mRNA via the MEK-ERK cascade. This investigation demonstrates that MAPK is a key mediator that links the extracellular stimuli to the transcriptional activation of Homer 1a mRNA.
The results of actinomycin D and cycloheximide experiments have indicated that, despite the presence of the AU-rich motif, transcriptional activation is a main determinant for selective Homer 1a mRNA induction. Furthermore, the induction of Homer 1a mRNA is regulated by a preexisting transcriptional machinery that responds to the activation of NMDA receptors and does not require protein synthesis. Therefore, although NMDA receptor stimulation has been shown to activate the BDNF gene (Bessho et al., 1993; Favaron et al., 1993) , the induction of Homer 1a mRNA by glutamate results from the activation of the downstream ERK cascade rather than the secondary effect derived from the NMDA receptor-induced BDNF. Stimulation of NMDA receptors also upregulates a number of IEGs encoding transcription factors (for review, see Sheng and Greenberg, 1990) . Importantly, the induction of Homer 1a mRNA by glutamate is slower and sustained longer than that of the typical IEG c-fos mRNA. Furthermore, unlike many other IEGs encoding transcription factors, Homer 1a mRNA is not superinduced by cycloheximide. More specifically, both induction kinetics and the effect of cycloheximide in Homer 1a mRNA upregulation resemble those for BDNF mRNA induction (Shieh et al., 1998; Tao et al., 1998) . These similarities suggest that the mechanisms of Homer 1a mRNA regulation may be shared with those of BDNF mRNA, although they may differ, in part, from those of typical IEGs such as c-fos mRNA.
The mechanisms underlying ERK-mediated IEG induction have been well characterized in cultured neuronal cells as well as in vivo (Xia et al., 1996; Sgambato et al., 1998; Davis et al., 2000) . In neuronal cells the ERK signaling is transmitted to the nucleus once it has been activated via serial phosphorylation events and can regulate transcriptional activity of many IEGs. Two DNA regulatory elements are, at least, crucial for this transcriptional activation: the cAMP response element (CRE) and the serum response element (SRE). The CRE site is controlled by the CRE-binding protein (CREB), whereas the SRE site is targeted by the ternary complex factor Elk-1. It therefore would be of interest to address whether Homer 1a mRNA is regulated coordinately via the interaction of these transcription factors with their targeting DNA elements.
Both NMDA receptors and BDNF as well as their downstream ERK signals have been shown to play a critical role in synaptic plasticity and long-term memory formation (for review, see Bliss and Collingridge, 1993; Impey et al., 1999; Schinder and Poo, 2000) . These long-lasting changes in synaptic efficacy are thought to result from alterations not only in neuronal cell responsiveness but also in synaptic architectures (for review, see Lüscher et al., 2000) . Recently, Homer proteins have been shown to regulate a supracomplex formation of synaptic proteins. They are thought to play a crucial role in signal transduction, synaptogenesis, and receptor trafficking at synapses (for review, see Xiao et al., 2000) . Importantly, Homer 1a lacks the C-terminal CC domain that is involved in the assembly of protein complexes. It thus possesses the potential ability to compete with the actions of constitutive CC-Homer proteins. We therefore believe that the selective and sustained upregulation of Homer 1a expression by the extracellular stimuli can provide an effective, activity-dependent mechanism that allows for alterations in synaptic architectures of neuronal cells.
